Unusual stoichiometry control in the atomic layer deposition of manganese borate films from manganese bis(tris(pyrazolyl)borate) and ozone Klesko, Joseph P.; Bellow, James A.; Saly, Mark J.; Winter, Charles H.; Julin, Jaakko; Sajavaara, Timo Klesko, J. P., Bellow, J. A., Saly, M. J., Winter, C. H., Julin, J., & Sajavaara, T. (2016 C. The growth rate for the cobalt borate process was 0.39-0.42 Å /cycle at 325 C. X-ray diffraction of the as-deposited films indicated that they were amorphous. Atomic force microscopy of 35-36 nm thick manganese borate films grown within the 300-350 C ALD window showed root mean square surface roughnesses of 0.4-0.6 nm. Film stoichiometries were assessed by x-ray photoelectron spectroscopy and time of flight-elastic recoil detection analysis. The differing film stoichiometries obtained from the very similar precursors MnTp 2 and CoTp 2 are proposed to arise from the oxidizing ability of the intermediate high valent manganese oxide layers and lack thereof for cobalt.
I. INTRODUCTION
Main group metal borates are important nonlinear optical materials. [1] [2] [3] [4] Recently, first row transition metal borates have emerged as dioxygen (O 2 ) evolution catalysts, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] cathode materials in lithium ion batteries, [17] [18] [19] [20] [21] [22] catalysts for H 2 production by hydrolysis of sodium borohydride, 23 and superhydrophilic Ni 3 (BO 3 ) 2 layers. 24 For many applications, metal borates must be grown as thin films. Cobalt borate and nickel borate films were electrodeposited from solutions of the metal ions in the presence of borate buffers, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] while nanowhiskers of Ni 3 (BO 3 ) 2 were grown on nickel substrates by a molten salt method. 24 Metal borate film growth by gas phase processes is complicated by the high vapor pressure of B 2 O 3 , which makes it generally difficult to control the metal to boron ratios in the thin films at the high temperatures required for growth. For example, BaB 2 O 4 films were grown by chemical vapor deposition (CVD) using direct liquid injection of Ba(thd) 2 (tetraglyme) (thd ¼ 2,2,6,6-tetramethylheptanedionate) and B(OiPr) 3 solutions, with O 2 and nitrous oxide as the oxidizer gases. 25 Film growth was achieved between 640 and 840 C, but a 1:2.5 barium to boron precursor stoichiometry was required to obtain BaB 2 26 We previously reported the atomic layer deposition (ALD) of MB 2 O 4 films (M ¼ Ca, Sr, Ba) between 250 and 400 C using CaTp 2 , SrTp 2 , and Ba(TpEt 2 ) 2 as the metal and boron precursors with water as the oxygen source. [29] [30] [31] Significantly, the 2:1 boron to metal ratio in the precursors was retained in the MB 2 O 4 films. ALD uniquely enables the stoichiometry control, since the depositions are conducted below the thermal decomposition temperatures of CaTp 2 , SrTp 2 , and Ba(TpEt 2 ) 2 [<400 C (Ref. 28) ]. The intermediate physisorbed precursor monolayers replicate the 2:1 boron to metal precursor stoichiometry in the thin films upon treatment with the water coreactant, and the MB 2 O 4 layers are stable to B 2 O 3 loss at <400 C. [29] [30] [31] ALD affords conformal coverage of nanoscale features and enables subnanometer control of film thicknesses because of the self-limited growth mechanism. 32, 33 ALD can also provide conformal coatings on many nanoscale materials. 34 ALD growth from various bimetallic precursors does not generally replicate the precursor element stoichiometries in the resultant thin films. [35] [36] [37] [38] Given the increasing importance of first row transition metal borates, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] proposed to arise from the strong oxidizing properties of higher valent manganese oxide layers that are formed upon ozonolysis of surface manganese sites.
II. EXPERIMENT
See supplementary material for details relating to the precursor properties of 1 and 2, ALD growth data, and film characterization. 39 Synthetic manipulations were carried out under argon using either Schlenk or glove box techniques in the handling of potassium borohydride for the synthesis of KTp. KTp, 1, and 2 were synthesized according to literature procedures. 40 Tetrahydrofuran was distilled from sodium benzophenone ketyl and sodium metal. Toluene was distilled from sodium metal. All chemicals were obtained from Sigma Aldrich. The melting points and thermal decomposition temperatures of 1 and 2 were assessed using a Thermo Scientific MelTemp 3.0 digital melting point apparatus and are uncorrected. Thermogravimetric (TGA) and differential thermal (DTA) analyses were conducted on a Perkin-Elmer Pyris 1 TGA system between 50 and 450 C using dinitrogen (N 2 ) as the flow gas with a heating rate of 10 C/min. For data, see the supplementary material.
The preparative sublimations of 1 and 2 employed a 2.5 cm diameter, 30 cm long glass tube. One end of the tube was sealed, and the other end was equipped with a vacuum adapter with a 24/40 male glass joint. Approximately 1.0 g of the sample was loaded into a 1.0 Â 4.0 cm glass tube and this tube was placed at the sealed end of the glass sublimation tube. The sublimation tube was fitted with a 24/40 vacuum adapter and was inserted into a horizontal B€ uchi B-580 or B-585 Kugelrohr oven, such that about 15 cm of the tube was situated in the oven. A vacuum of 0.05 Torr was established, and the oven temperature was set to 210 C. The compounds sublimed to the cool zone just outside of the oven. The percent recovery was obtained by weighing the sublimed product. The percent nonvolatile residue was calculated by weighing the 1.0 Â 4.0 cm glass tube upon completion of the sublimation experiment. For data, see the supplementary material.
A Picosun Oy R-75BE ALD reactor was used for thin film deposition experiments. A Texol GeniSys N 2 generator supplied 99.9995% N 2 as both the carrier and purge gas, with the reactor maintaining a pressure of 6-10 h Pa while under a constant N 2 flow. Ozone was delivered at 500 sccm by an IN USA AC-Series ozone generator operating at 50% power. Precursors 1 and 2 were delivered by a solid state booster with a source temperature of 194 6 2.0 C, at the pressure of the reactor. Films were grown on p-type Si(100) wafers with native oxide. Precursor pulse lengths were varied to determine the degree of surface saturation. The substrate temperature was subsequently varied using saturative doses of the precursors.
Film thicknesses were measured by cross-sectional scanning electron microscopy (SEM) using a JEOL-6510LV electron microscope. Growth rates were calculated by dividing the measured film thicknesses by the number of deposition cycles. Film thicknesses were measured at a minimum of three positions on each film to evaluate the uniformity. Atomic force micrographs (AFM) were obtained with a MultiMode Nanoscope IIIa (Digital Instruments, VEECO). The samples were measured using the tapping mode in air with an E scanner with a maximum scanning size of 12 lm at a frequency of 1 or 2 Hz. A Tap150AI-G tip was used, with a resonance frequency of 150 kHz and a force constant of 5 N m
À1
. Surface roughnesses were calculated as rootmean-square (rms) values. X-ray photoelectron (XPS) analyses were performed with a Perkin-Elmer ESCA 5500 system using monochromatized (SiO 2 crystal) Al Ka radiation (15 kV at 15 mA) and a 90
Omni-Focus lens. The typical background pressure during analysis was 1 Â 10 À9 Torr. An argon ion sputter was used for depth profiling using 3.0 keV, 25 mA emission current, and 10 Â 10 À3 Pa. The spectrometer was calibrated to the Au4f 7/2 peak at 83.80 eV, the Cu3p 3/2 peak at 74.9 eV, and the Cu2p 3/2 peak at 932.40 eV. A lowenergy electron flood gun was used to neutralize the charge by aligning the adventitious carbon (C1s) peak to 284.6 eV. For all samples, a survey spectrum was recorded over a binding energy range of 0 to 1200 eV using a pass energy of 117.4 eV with a scan step of 1.0 eV. High resolution multiplex spectra were obtained using a pass energy of 23.5 eV with a scan step of 0.025 eV. Observed XPS ionizations were compared with reference values. 41 Time of flight-elastic recoil detection (TOF-ERDA) analyses were performed at the University of Jyv€ askyl€ a, Finland. Manganese-containing films were analyzed using a 6.8 MeV Cl beam. UV-Vis analyses were performed on a JASCO V-570 UV/VIS/NIR spectrophotometer (Rev. 1.00); reported data are an average of three measurements. Powder x-ray diffraction experiments were performed on a Rigaku R200B 12 kW rotating anode diffractometer, using copper Ka radiation (1.54056 Å ) at 40 kV and 150 mA. Reflections were compared with known crystalline phases from the powder diffraction files of the International Center of Diffraction Data using the JADE 5.0 software package. Sheet resistivity measurements were obtained using a Jandel 4-point probe in combination with a Keithley 2400 SourceMeter and a Keithley 2182A Nanovoltmeter. All films passed the Scotch tape test.
III. RESULTS AND DISCUSSION
A. Precursor properties of 1 and 2
The precursors 1 and 2 ( Fig. 1) were prepared according to literature procedures. 40 The crystal structures of 1 (Ref. negligible film growth was obtained from 1 with water as the coreactant. Accordingly, ozone was used as a more reactive oxygen source. Precursor pulse lengths, substrate temperatures, and the number of cycles were varied to assess the growth behavior. The growth rate was first studied as a function of pulse length of 1 at 325 C, using 2000 cycles and 5.0 s pulses of ozone with 5.0 s N 2 purges. A plot of growth rate versus pulse length of 1 showed a growth plateau at >5.0 s, affording a saturative growth rate of 0.18 Å /cycle on Si(100) substrates with a native oxide layer [ Fig. 2(a) C. Increased growth rates for films grown at !375 C appear to arise from thermal decomposition of 1. A plot of thickness versus number of cycles was linear, with a growth rate of 0.194 Å /cycle. The y-intercept was À3.827 nm, which is close to zero, suggesting efficient nucleation.
The surface morphologies of 35-36 nm thick films grown within the ALD window were quantified by AFM. Films grown at 300 and 325 C had rms surface roughnesses of 0.4-0.5 nm, while the film grown at 350 C showed an rms surface roughness of 0.5-0.6 nm (Fig. 3) . Accordingly, the film surfaces are very smooth. Cross-sectional SEM revealed smooth, uniform films at all temperatures. A 36 nm thick film deposited at 325 C showed no reflections in the powder x-ray diffraction spectrum, indicating amorphous material. Films grown at 325 C were annealed under either N 2 or O 2 atmospheres at 100 C increments from 400 to 1100 C for 1 h at each temperature. No crystalline phases were detected for any of these annealed films. Films grown within the ALD window were nonconductive and passed the Scotch tape test.
Compositional analyses were performed on 35-36 nm thick films grown at 300, 325, and 350 C. XPS survey scans revealed surface carbon and nitrogen contamination in the as-deposited films, which were below the detection limits (<0.5%) after 1 min of argon ion sputtering. The highresolution spectra of the boron 1s and manganese 2p ionization regions were identical for all films after 2 min of sputtering. Atomic compositions upon sputtering for 2 min were Mn 1. 17 The compositions could also correspond to a mixed phase containing MnB 2 O 4 and MnO 2 . The x-ray diffraction spectra did not show any reflections for manganese borate phases, either in the as deposited film or upon annealing up to 1100 C. However, the films also did not show any reflections for crystalline MnO 2 . The films contained significant carbon (C 0.10-0.14 vs B 1.00 ) and hydrogen (H 0.62-0.78 vs B 1.00 ), but the concentrations of these elements decreased deeper in the films. Consistent with the XPS data, the carbon and hydrogen likely correspond to loosely bound surface hydrocarbon species. Additionally, the TOF-ERDA data show that the surface regions of the films have boron to manganese ratios that are closer to 1, which agree with the XPS surface compositions. 
C. CoB 2 O 4 film growth and analysis
For comparison, cobalt borate films grown by an analogous process using 2 and ozone were explored at 325 C. A full ALD growth study was not conducted, but saturative growth was demonstrated and a linear relationship was found between the film thickness and number of cycles. Figure 4 shows a plot of growth rate versus pulse length of 2 at 325 C on Si(100) substrates with a native oxide layer. A growth rate of 0.39 Å /cycle was observed. Similar saturative behavior was observed with !2.0 s pulses of ozone at 325 C. Based upon these experiments, a pulse sequence of 2 (6.0 s)/N 2 purge (5.0 s)/ozone (5.0 s)/N 2 purge (5.0 s) was used to construct the thickness versus number of cycles plot at 325 C. This plot was linear and showed a growth rate of 0.42 Å /cycle, which is approximately twice that observed for the analogous process using 1 and ozone.
Films grown at 325 C were smooth and of uniform thickness by cross-sectional SEM. Compositional analyses were performed on 78 nm thick films deposited at 325 C. XPS analysis showed a composition of Co 1.4 B 2 O 4.5 after 2 min of argon ion sputtering, whereas TOF-ERDA afforded a composition of Co 1.0 B 2 O 4.1 . Unlike the manganese borate films, the boron to cobalt ratio was constant throughout the film. Carbon, nitrogen, and hydrogen levels were below the detection limits of XPS (carbon, nitrogen <0.5%) and TOF-ERDA (carbon, nitrogen <0.1%; hydrogen <0.3%). Based upon these analyses, films of the approximate composition CoB 2 O 4 are deposited from 2 and ozone at 325 C.
D. Discussion
The present work documents the ALD growth of films with the approximate stoichiometries Mn 3 (BO 3 ) 2 and [29] [30] [31] Replication of the 2:1 boron to cobalt ratio of 2 in the CoB 2 O 4 films implies that 2 physisorbs in a molecular fashion to the surface of the growing film, and is then efficiently transformed by ozone to CoB 2 O 4 . In contrast, 1 and ozone afford films of the approximate composition Mn 3 (BO 3 ) 2 , with an approximate 3:2 manganese to boron stoichiometry. The data suggest that 1 chemisorbs to the surface of the growing film with approximate loss of one Tp ligand per molecule of 1. Subsequent treatment with ozone then leads to manganese borate films. As a comparison, ALD growth using Mn(thd) 3 and ozone afforded MnO 2 films within an ALD window of 140-230 C. 45, 46 In the present manganese borate ALD process, the ozone pulses may oxidize surface-bound MnTp species to manganese(IV) borates that also contain oxo ligands. Since high valent manganese oxides are strong oxidants, 45, 46 the subsequent pulse of 1 likely leads to oxidation of one Tp ligand by the surface oxo groups and loss of volatile products that remove an average of one boron atom per molecule of 1. In contrast to the range of higher oxidation state manganese oxides, cobalt oxides are limited to CoO and Co 3 O 4 , 47 neither of which is a strong oxidant. Accordingly, 2 physisorbs molecularly to the surface of the growing film and is transformed to CoB 2 O 4 upon subsequent treatment with ozone. The large difference in growth rate between the manganese borate (0.18-0.19 Å /cycle) and cobalt borate (0.39-0.42 Å /cycle) processes may arise because multiple higher valent manganese-oxygen bonds are required to oxidize the Tp ligand in 1, thereby reducing the surface coverage of MnTp fragments. In contrast, 2 appears to physisorb molecularly, providing a higher surface coverage in the monolayer.
The processes described herein demonstrate rare control of thin film stoichiometries in ALD that are governed by the elements present in a single precursor. In particular, deposition of manganese borate films from 1 demonstrates that intermediate oxidizing surfaces obtained with ozone can lead to borate film stoichiometries that differ from the boron to manganese ratio that is present in precursor 1. Bimetallic precursors have been previously used in ALD in attempts to control the concentrations of two elements in the thin films, but generally afford poor stoichiometric control. Single precursors containing 1:2 strontium to tantalum ratios were employed for the ALD growth of Sr-Ta-O films, 35, 36 but strontium to tantalum ratios ranging from 0.5 to 1.5 were obtained in films under various deposition conditions. The lack of stoichiometric control could arise from the formation of volatile tantalum oxides. 36 PrAlO x and NdAlO x films were grown by ALD with 1:1 neodymium/praseodymium to aluminum bimetallic isopropoxide precursors, but nonstoichiometric praseodymium to aluminum and neodymium to aluminum ratios (0.30-0.71) resulted. 37 Bi(CH 2 SiMe 3 ) 3 and ozone were used for the ALD growth of Bi-Si-O films, 38 but the silicon to bismuth ratio increased from 1.5 to 5.0 between 200 and 450 C.
IV. SUMMARY AND CONCLUSIONS
The ALD growth of manganese and cobalt borate films was demonstrated using 1 or 2 with ozone on Si(100) substrates with native oxide. Self-limited growth was established at 325 C with 5.0 and 6.0 s pulse lengths of 1 and 2, respectively, and 5.0 s pulse lengths of ozone. The manganese borate process afforded an ALD window between 300 and 350 C. Plots of thickness versus number of cycles were linear for both processes. Film compositions were determined using a combination of XPS and TOF-ERDA measurements. With the cobalt borate process, the 2:1 boron to cobalt ratio present in precursor 2 was replicated in the thin film, suggesting that 2 physisorbs to the surface of the growing film and is then transformed to CoB 2 O 4 upon treatment with ozone. In contrast, the 2:1 boron to manganese ratio present in 1 is transformed to the approximate 3:2 boron to manganese ratio in Mn 3 (BO 3 ) 2 or mixed MnB 2 O 4 /MnO 2 films upon treatment with ozone. The differing stoichiometries in films derived from 1 or 2 and ozone are proposed to arise from the oxidizing ability of the intermediate high valent manganese oxide layers, which afford oxidation of one Tp ligand by the surface oxo groups and loss of volatile products that remove an average of one boron atom per molecule of 1. In contrast, intermediate cobalt oxide layers have low oxidizing power, which leads to physisorption of 2 and conversion to CoB 2 O 4 upon treatment with ozone. The present study describes the gas phase deposition of transition metal borate films with well-defined stoichiometries, which should allow these materials to be explored in catalysis, lithium ion batteries, and other applications.
